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Undersea Biomédical Research, Vol. 15, No. 2, 1988

Pressure suppresses serotonin release by guinea pig
striatal synaptosomes

S.C. GILMAN, J.S. COLTON, S.C. HSU, and A.J. DUTKA

Diving Medicine Department, Naval Medical Research Institute, Bethesda, MD 20814-5055

NN AT
Gilman SC, Colton JS, Hsu SC, Dutka AJ. Pressure supprcsses onin release by guinea
pig striatal synaptosomes. Undersea Biomed Res 1988; 15(2):69-77—Exposure to high pres-
sure produces neurologic changes in humans which manifest as tremor, EEG changes, and
convulsions. Since previous studies have tqplicated the involvement of the serotoninergic
system in these symptoms, it was of interes{ to study serotonin release at high pressure.
Synaptosomes isolated from guinea pig striatum were used to follow serotonin efflux at 68
ATA. The major observation was a decrease in [{H}serotonin release from depolarized striatal
synaptosomes at 68 ATA. In view of the role of serotonin as an inhibitory neurotransmitter
in this area, the observed decrease in synaptic release leads us to conclude that decreased
serotoninergic activitv in striatal neurons probably is contnbutlng to the hyperexcitability

associated with HPNS.
Stress Ph X&_, Words: M 1 Qci\\\,\*\m\
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high pressure nervous syndrome striatum

<4+ INTRODUCTION
Ay

\7\Exposure to pressures greater than 27 atmospheres absolute (ATA) produces a
disturbance of neyrologic function referred to as the high pressure neurologic syn-
drome (HPNS) £ Neurologic changes of HPNS manifest as tremor, myoclonic
episodes, EEG changes, and convulsions (2, 3).

. Although a number of pharmacologic agents have been tested to protect against

the adverse effects of pressure (4, §), little information is available about the direct

action of high pressure on synaptic transmission in the CNS. Gillard et al. (6) recently
used a differential pulse voltammetry technique to study the generation of serotonin
metabolites in the rat striatum during exposures to high pressure. They found that
exposure to 61-121 ATA produced a significant increase in the striatal concentration
of 5-HIAA, the major metabolite of serotonin.

This finding suggests that pressure accelerates the turnover of serotonin in presyn-
aptic nerve terminals in the striatum. Such an alteration in receptor function would
be expected to affect the release kinetics of the striatal serotoninergic system. There-
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fore. we uscd an in vitro presynaptic nerve tenminal preparation to determine the
extent to which the synaptic release of [*Hlserotonin by striatal ncurons is affected
>y high pressure exposure, The synaptic vesicle (synaptosome) preparation was
<hosen because it has been shown to retain the 1ransport propertics of the nerve
2nding in situ (7-9) and to exhibit a calcium-dependent release of neurotransmitter
substances (10). Also. synaptosomes offered an advantage as ;an experimental model
in that multincuronal or neuroghial interactions could be chmmatc:d

MATERIAL AND METHODS

Animals

Adult male Hartley short-haired guinea pigs (300 and 400 g) were obtaines froma
~unmercial source,

“1aterials
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# 0.32 A sucrose buffered with 3 53l HEPES. Svnaptosomes were prcpurcd b
danmy gradient centrifugation as previously described (11). Bricfly, a homogenizer
was used to disperse the tissue. Centrifugations were carried out at 3°C in an uitra-
centrifuge using a + Jt digital integrator to obtain consistent centrifugation. The
initial homogenate was centrifuged at 1100 % g for S min to yield a nuclear peliet and
iow spced supernatant. The supernatant was centrifu&ed at 10,000 x gfor 10 min to
vield a mitochondrial pellet which was resuspended in sucrose and homogenized.
This homogenate was layered over a Ficoll gradient and centrifuged at 26,000 x g
for 30 min. After centrifugation, the purified synaptosomes ware removed, diluled
with sucrose, and pelleted.

Radinisotope uptake

The method used for {*Hserotonin loading and efflux measurement of synapto-
somes was developed by modification of the methods of Guman (12) and Schlicker
ctal, (13). The finad synaptosome pellet was suspended in 20 vol of buffer. ['H]Serotonin
was added and the mixture was incubated at 37°C for 30 min to allow uptake by the
tisaug, Aflter uptake, 8 1.O-ml aliguot of the synaptosome suspension was placed on
o tlive unit consisting of i 0.45-um nylon membrane filter positioned on the plastic
multiperforated support of & H-ml perfusion chamber. The perfusion chamher was
then connecled to  polystaltic pump. and the flters immedintely washed with 28
af a high sodivm, calctum-free buffer medium at 37°C, asing the highest pump speed,
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Compiession studies

After the PHlserotonin-loaded synaptosomes were washed, the filter unit was
attached to a superfusion apparatus that was mounted in a hyperbaric chamber. The
hyperbaric chamber was sealed and pressurized to 1.3 ATA with oxygen, and to a
final pressure of 68 ATA with helium. The rate of compression was 4 ATA/min.
Oxygen partial pressure, as measured with a paramagnetic O, analyzer, was main-
tained at .49 % 0.01 ATA throughout pressunization. A recirculation atmosphere
control system was used to regulate CO; at <0.0005 ATA, as measured by an infrared
analyzer, Temperature within the hyperbaric chamber was maintained at 37° = 2°C
during compression, as previously described (13). During pressurization and the
releasc studies the temperatures of the buffer mediz and perfusion chamber were
constantly monitored by microthermistors, and maintained at 37° = 0.5°C using YSI
model 73A temperature control units (Yellow Springs Instrument Co., Yeliow Springs,
OH). . '

' Upon reaching 68 ATA, the filters were perfused at a rate of 500 pl/min with 5 mi
of buffer medium and 3 perfusate *‘wash’’ fractions collected directly into scintillation
vials. At 3 min after the beginning of superfusion, the buffer medium was quickly
replaced with 10 ml of 2 S mM K*, nondepelarizing or 10 mi of a depolarizing, 73
mM K* *“cfllux’ medium containing 1.2 mi of Ca**. The composition was (in milli-

“molars): NaCl, 145 or 80; KCL.S or 70; CaCly, 2.5; MgCl,, 1.2; KH.PO,, 1.2: HEPES,

20; glucose, 10: pH 7.4. Nince fractions containing 500 pl each of perfusate were
collected every minute directly into scintillation vials. The hyperbaric chamber was
then decompressed to 1 ATA at the rate of 4.03 ATA/min. In all experiments, aliquots
from the same synaptosome preparation were used for obtaining the 1 and 68 ATA
relcasc values, Control aliquots from the same preparation were treated identically
to the experimental group, except that pressure exposures were sham (1 ATAL

Assay of samples

Biofluor (15 ml) was added to the scintillation vial and the radioactivity of each
perfusate was deicrmined. The radioactivity remaining on the filters at the end of the
superfusion was also counted, Each filter was placed in a scintillation vial containing
500 1t of 177 sodium dodecy! sulfate. After agitation, 15 ul of Biofluor was added and
the radivactivity of the filler was measured.

Fxpression of results

Fractional efflux was expressed as percentage released per minute of total mdio.
activily, 1.¢.,

epm in 800wl filtrate

YR M o A Rt T

ciux 3 .
total radactivity

i

where total radioactivity was the sum of all 12 fractional filtrate epm's and ¢pm -

renning on the ilter, Statistical sipnificances at each time point were detesmined

st £ lests, .



o S YEAPRT D Fr i {

S SR SV 72 GILMAN, COLTON, HSU, DUTKA

RESULTS

[*H]Serotonin release at 1 ATA

Figure 1 shows the time course of depolarization-induced efflux of [*H]serotonin
from synaptosome fractions isolated from the striatum. Application of the high K+
medium containing Ca?* initially induced a more than fourfold increase in the release
of {*H]serotonin by the synaptosome preparation. After the first 3 min, the evoked
release declined rapidly, returning within 8 min to levels not significantly greater than
the resting efflux levels.

Synaptosomes were perfused with a depolarizing, 70 mM K+ calcium-free medium,
- with MgCl, replacing the omitted CaCl, to determine the extent to which the release
observed with depolarization was calcium-dependent. Figure 1 shows the effect of

- calcium removal on depolarization-induced [*H]serotonin release. As can be seen,
oo ‘ the removal of calcium from the depolarizing medium reduced initial release evoked
S Tlan by high K+ by over 80%.

/

2 L T : Compression effects on [*H]serotonin

YRR TR R F T

T “ Figure 2 shows the effect of compression to 68 ATA on the nondepolarized release {
‘ of [H]serotonin. Pressure was not found to cause any significant changes in the

spontaneous efflux of serotonin by these st -iatal synaptosomes (P > 0.05).

e As shown in Fig. 3 A, the evoked release of [*H]serotonin from synaptosomes in

the presence of 1.2 mM Ca*2 was substantially reduced (i.e., 65%) by compression
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. Fig. 1. Release of *Hlserotonin from guinea pig striatal synaptosome fractions. Triangle, depolarized,

Ca?* present; circle, depolarized, Ca?* absent; square, nondepolarized, Ca?* present. After preloading
with [*H]serotonin, synaptosome aliquots were superfused with a high sodium, calcium-free buffer medium
for 3 min, then 70-mM K *-containing medium with or without Ca?* or 5-mM K *-containing medium with
Ca?* was similarly superfused for the 9 min marked by horizontal bar (i.¢., 3-12 min).
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*Fig. 2. Effect of compression to 68 ATA on the spontancous (5-mM K*-evoked) release of PHisercionin.
Triangile. 1 ATA: circle, 68 ATA.

to 68 ATA. Analysis of the data showed that the depression in serotonin release by
these synaptic terminals was significant at the 4-min superfusion time (P < 0.05). Oa
the other hand, the release in the absence of Ca?* was little affected by compression
(P > 0.05: Fig. 3 B). Figurc 3 C shows the difference in [*H]serotonin release beiween
the Ca**-containing and Ca**-freé¢ media, which represents the calcium-dependent
component of [*H]scrotonin release. Statistical comparison between the 1 ATA con-
trol curve and the 68 ATA calcium-dependent curve showed that [*H]serotonin reicase
at the 4-min superfusion time was significantly lower in the presence of pressure than
in the corresponding control condition (P < 0.05). This indicates that pressure cxpo-
sure depressed the initial depolarization-induced, calcium-dependent release of
[*H]serotonin by striatal synaptosomes isolated from the striatum,

DiSCUSSION

Electron microscopic examination and the measurement of the cytoplasmic mark-
ers showed a high purity synaptosome preparation which retains an intact plasma
membrane, with no apparent nonselective changes in permeability, which would be
reflective of membrane damage. Also important to data interpretation was that high
pressure exposure has not been found to have any disruptive effect on the synapto-
somal ptasma membrane (13).

High K* medium containing 1.2 mM Ca?* initially produced a rapid increase in the
release of {*H]serotonin by the synaptosome preparation, fellowed by a decline in
release approaching resting efflux levels. The removal of calcium from the depolar-
izing medium reduced [*H]serotonin release evoked by high potassium by over 80%5.
This'indicates that the evoked release of serotonin by striztal synaptosemes is highly
dependent on the influx of calcium,
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Fig. 3. Effect of compression to 68 ATA on the high K *-evoked release of {*H]serotonin from striatal
synaptosomes. A, in the presence of Ca?* 1 B, in the absence of Ca?*; €, Ca¥*-dependent relensc, i.e., the
_difference between A and B. Triangle, 1 ATA; cirele, 67.7 ATA. -
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The major observation in the present study was a 65% decrease in the initial efflux
of [*Hlscrotonin from depolarized striatal synaptosomes after compression to 68
ATA. This suppression of serotonin release parallels decreases noted previously in
the caicium-dependent release of other neurotransmitters with pressure (11, 14, 15).

The pressure-induced decrease in the initial rate (viz in the first 1-2 min) of
transmitter effiux szenin this and other studies (11, 14, 15),suggests that a concomitant
decrease n voltage-sensitive mlcinm influx miuht bc, cccurring 2t high pressure.
Moaneen ap e sy 1650 e Apod afsanged ding aft g T irpvanyii
fnte synaplosomes is stpnificantly depressed at Cb :\ A, the nitlal (e, the first
minuice) amount of Ca** influx, although depressed, was not significantly different
from control values (1 ATA). This relationship between the initial amount of *Ca**
uptake and the significant depression of initial transmitter efflux leads us to propose
that high pressure helium may alter transmitter release in more than one way.

First, high pressure most likely does interfere with voltage-sensitive calcium chan-
nel gating. Second, high pressure also probably interrupts seme aspect of the intra-
terminal cascade for the calcium-dependent release of transmitter (e.g., calcium-
calmodulin interaction, kinase II activity, membrane phosphorylation, or the inter-
action of the vesicle membrane with the terminal membrane) (16-18). Further support
for this notion is provided by a preliminary study in our laboratory with the calcium
ionophore, A23187, applicd to synaptosomes subjected to high pressure, This study
indicates that this ionophore does not alter the decrease in transmitter relcase at 68

“ATA. A23187 circumvents the membrane-bound Ca** channel by forming a Ca**-

H + exchanger and therefore should facilitate the rise in intraterminal Ca** (19, 20).
Since the effect of high pressure appears to be uriversal on calcium-dependent
transmitter release, alteration of any or all of the above-mentioned sites could affect
transmitter release at most synapses.

The increase in the serotonin metabolite, 5-HIAA, found by Gillard et al. (6)
suggests an increase in metabolic activity or @ decrease in the removal of this com-
pound. Removal of 5-HIAA from the brain requires a membrane-bound protein
carrier. Inhibition of this carrier by the drug Probenecid has been shown to produce
an accumulation of 5S-HIAA in brain tissue (21, 22). Since removal requires a mem-
brare-tound protein carrier, it 1s reasonable to suspect that high pressure helivm
could exert its effect on the membrane to depress carrier activity, causing 5-HIAA
levels to rise. It is unlikely that this inhibition of metabolite removal suppresses
serotonin production, because serotonin synthesis does not appear to be feedback
regutated (23). Therefore, the depression of transmitter release found in our study is
not adequately explaincd by changes in serotonin metabo’ism or metabolite removal.

Whether this pressure-induced phenomenon is 2 contributory factor in the actual
development of the symptoms of HPNS is currently unknown. However, the decreasc
in the initin] rate of release of serotonin ebserved in synaptosomes may reflect in
vivo events occurring in the synaptic terminal.

Since scrotonin is believed to function as a modulator to presynaptically inhibit
transmitter relcasc (24,25), a small change in the timing of release of serotonin could
result in a marked diminution of its inhibitory function. This could result in a zignif-
icanily enhanced excitatory response, Coupled with similar events occurring in other
inhibitory systems (viz GABA and glycine), symptomatic neurologic changes char-
acteristic of HPNS could resalt,
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Gilman SC, Colton IS, Hsu SC, Dutka AJ. La pression supprime la libfration de sérotonine
par les synaptosomes striataires de cobaye.—Urndersca Biomed Res 1958; 15(2):69-77. L’ex-
position & la pressior élevée produit des changements neurelogiques chez les humains, les-
quels se manifestent pay w¢ tremblement, des changements dans I'EEG et des convulsions.
Puisque des études antérieures ont impliqué le svstéme nerveux sérotoninergique dans ces
symptomes, il est d’intérét & étudier la libération de sérotonine sous haute pression. Des
synaptosomes isolés du corps strié de cobaye furent vtilisés pour suivre 'efflux de sérotonine
a 68 ATA. L’'cbservation principale fut une diminution dans la libération de [*Hlsérotonine
de synaptosomes striataires dépolarisés & 68 ATA. Vu le role de 1a sérotonine comme neu-
rotransmetteur inhibiteur dans cette zoae, la diminution observée dans la libération synaptique
méne 4 conclure que la réduction de Pactivité sérotoninergique dans les neurones striataires
contribue probablement 2 la surexcitabilité associée avec le syudrome nerveux de la haute
pression.

Gilman SC, Colton JS. Hsu SC. Dutka AJ. Supresion por presion de la liberacién de serotonina
en sinaptosomas del cuerpo estriado.de conejillos de Indias.—Undersea Biomed Res 1988;
15(2):69-77. La exposicidn a presiones altas produce cambios neurolégicos en humanos, que
se manifiestan como temblor, cambios electroencefalogrificos y convulsiones. Debido a que
trabajos previos han implicado la participacién del sistema serotoninérgico en estos sintomas,
nuestro interés residid en ¢l estudie de Ja liberacién de serotonina a presiones altas. Se empled
sinaptosomas del cuerpo estriado de conejillos de indias para estudiar ¢l eflujo de serotoniba
a 68 ATA. El hallazgo més sobresaliente fue Ja disminucién en la liberacién d= [*H]serotonina
en sinaptosomas despolarizados de cuerpo estriado a 6§ ATA. Dehide a que la funcion de la
serotonina a este nivel es de un reurotransmisor inhibitorio, la disminucién observada en la
liberacién sindptica nos lleva a concluir que la reduccién en la actividad. serctoninérgica en
las neuroras del cuerpo estriado probahlemente contribuye a la hipzrexitabili-dad asociada al
Sindrome Neurolégico de Presion Alta (SNPA).
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